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The effects of particle ﬂux and exposure temperature on surface modiﬁcations and deuterium (D)
retention were systematically investigated on four different tungsten (W) microstructures. As-received,
recrystallized, and single crystal W samples were exposed to D plasmas at surface temperatures of 530
e1170 K. Two different ranges of D ion ﬂuxes (1022 and 1024 Dþm2s1) were used with the ion energy of
40 eV and particle ﬂuence of 1026 Dþm2. Increasing the particle ﬂux by two orders of magnitude caused
blister formation and D retention even at temperatures above 700 K. The main effect of increasing the
particle ﬂux on total D retention was the shifting of temperature at which the retention was maximal
towards higher temperatures. Diffusion-trapping simulations were used to ﬁt the thermal desorption
spectroscopy (TDS) release peaks of D, yielding one or two types of trapping sites with de-trapping
energies around 2 eV.
© 2017 Elsevier B.V. All rights reserved.1. Introduction
Tungsten is the selected plasma-facing material to be used on
the high-heat ﬂux region in the ITER divertor due to its favorable
properties, such as high melting temperature and thermal con-
ductivity, low hydrogen retention and low erosion yield [1,2].
Exposure to energetic particles such as hydrogen isotopes (D and
tritium (T)), helium (He) and impurities coming from the plasma,
causes gas retention and surface modiﬁcations (i.e. formation of
blisters, bubbles, fuzz, cracking, etc.), whichmay lead to an increase
in the erosion yield, dust formation and deterioration of material
thermal and mechanical properties [3e5].
Plasma-facing materials in ITER will be exposed to particle
ﬂuxes that vary spatially by several orders of magnitude (1020e1024
Dþm2s1), ion energies 0.1e100 eV and surface temperatures in
the range 370e1370 K [2]. Recent studies have shown thatnt of Chemical and Biologicalblistering and D retention in as-received polycrystalline W occur
even at temperatures above 700 K when exposed to plasma ﬂuxes
of 1024 Dþm2s1 and above. At higher particle ﬂuxes, the local D
concentration is higher for the same temperature and hence the
supersaturation happens at even higher temperatures. Therefore, a
higher temperature is required for inward diffusion to balance the
incoming ﬂux and avoid local supersaturation [6e9]. Trapping of D
at grain boundaries and intrinsic defects in the material, such as
dislocations and vacancies, which act as centers for bubble nucle-
ation, leads to blister formation [7,10,11,12]. The impact of material
microstructure on the observed ﬂux effects on blister formation
and D retention, however, has not yet been systematically studied.
This paper is built upon previous work [6,7] and it addresses the
role of grain boundaries and intrinsic defects on D diffusion and
trapping in addition to reporting the particle ﬂux effects on
retention and surface morphology changes. Recrystallized W
samples with negligible dislocation density and single crystals
were used to separately assess the impact of grain boundaries and
dislocations on D trapping. Results are compared with previously
reported data on as-received polycrystalline W samples and TDS
L. Buzi et al. / Journal of Nuclear Materials 495 (2017) 211e219212proﬁles were modeled with the rate equations approach imple-
mented in the Coupled Reaction Diffusion Systems (CRDS) code
[13].2. Experimental
Two types of polycrystalline W samples with different grain
sizes, small grain (SGW 99.94%) with 20 mm diameter and large
grain (LGW 99.94%) with 40 mm diameter, were used as received
from the supplier. Details of the sample preparation for SGW and
LGWare described in [6] and [7]. Recrystallized W samples (RECW)
were prepared by thermally treating LGW samples at 2273 K for
30 min which resulted in the formation of grains with an average
size of 50 mm. Single crystal W samples (SCW) were supplied by
Mateck GmbH (MaTecK Material-Technologie & Kristalle GmbH
n.d.). The purity of the material was 99.999% and the (110) crystal
orientation had an accuracy of 0.1.
Samples were cut in discs with a diameter of 14 mm and 4 mm
thickness. In order to ensure consistent and comparable results in
terms of surface analysis techniques and D retention in the mate-
rial, all W samples were mechanically polished to a mirror ﬁnish
(Ra  40 nm). Afterwards, they were ultrasonically cleaned in
alcohol and acetone to remove the polishing impurities and sub-
sequently outgassed at 106 mbar at 1273 K for 1 hour. Scanning
electron microscopy (SEM) images of RECW and SCW samples
before plasma exposures are shown in Fig. 1.
W samples were exposed to D plasmas at surface temperatures
of 530e1170 K to two different ranges of D ion ﬂuxes (1022 and 1024
Dþm2s1) and the particle ﬂuence was kept constant in all cases
(1026 Dþm2). High particle ﬂux exposures were carried out in
Magnum and Pilot-PSI linear plasma devices [14,15] while low
particle ﬂux experiments were conducted at PSI-2 [16]. Changing
the physical contact with the water-cooled sample holder allowed
sample temperature variation. A fast infrared camera (FLIR
SC6500MB) was used for the temperature measurements in three
plasma devices. The details of the experimental setup, plasma
properties and sample mounting speciﬁcs are described elsewhere
[6,7].
The post-mortem analysis was done using scanning electron
microscopy (SEM), thermal desorption spectroscopy (TDS) and
secondary ion mass spectroscopy (SIMS) to investigate the surface
modiﬁcations, total D retention and near-surface D depth distri-
bution [6,7]. Quantitative D depth proﬁles were obtained with
nuclear reaction analysis (NRA) at the tandem accelerator at IPP-
Garching in Germany. A 3He ion beam was used to probe the D
content by detecting and analyzing the products of the nuclear
reaction D (3He,p) a [17]. During the measurements, the proton and
alpha detectors were set at 135 and 102 angles respectively, andFig. 1. Scanning electron microscope (SE mode) images of recrystallized (RECthe beam spot was about 1 mm2. The 3He ion beam energy was
varied in the range of 0.5e6 MeV. The calculation and deconvolu-
tion of experimental proton and alpha particle energy spectra
recorded at various incident 3He ion energies were done using the
SIMNRA [18] and NRADC [19] codes and energy dependent cross-
sections [20,21].3. Results and discussion
After exposure to pure D plasma, a pronounced dependence of
surface modiﬁcations on initial material microstructure, incident
particle ﬂux and surface temperature was observed. Results on
surface modiﬁcations of SGW and LGW samples are described in
previous publications [6,7]. To summarize brieﬂy, at low particle
ﬂuxes (1022 Dþm2s1) blister formation was suppressed for sur-
face temperatures above 700 K, while at high particle ﬂuxes (1024
Dþm2s1) blisters were still observed even on samples exposed at
1170 K. This is illustrated by SEM images of SGW and LGW samples
exposed at 1170 K at high ﬂux shown in Fig. 2 that demonstrates a
variety of blister size and areal density.
After exposure to low particle ﬂux, no blisters were formed on
RECW samples for surface temperatures higher than 520 K. At
520 K blisters were formed and had a diameter of 10e20 mm and a
ﬂat top surface. From the cross-sectional cut with the focused ion
beam (FIB) on a blister, cracking along the grain boundary, starting
at a depth of 4 mm and extending down to 16 mm was observed
(Fig. 3). Alimov et al. found similar ﬂat topped blisters on W sam-
ples recrystallized at 2073 K and exposed to similar plasma con-
ditions at 595 K [22]. Balden et al. found such blisters to appear at a
rather low areal density after exposure to an ion ﬂux of 1020
Dþm2s1 at 500 K and referred to these surface modiﬁcations as
extrusions [23]. No blisters were found at high particle ﬂux on
RECW samples, independently of the surface temperature. We
hypothesize that the lack of blistering at high temperatures may be
related to the low amount of nucleation sites (e.g. dislocations) on
recrystallized W after annealing and higher probability of D to
diffuse through grain boundaries after being thermally activated.
Since the ﬂuence was kept constant throughout all the experi-
ments, the exposure time at low ﬂux was longer compared to the
high ﬂux therefore; higher amounts of D were trapped in the de-
fects at low exposure temperature [24]. At low ﬂux and high tem-
peratures, long exposure times promote deeper D diffusion into the
bulk. At high ﬂux, larger concentration gradients of D can build up
in the near-surface region, potentially leading to stronger material
damage and/or faster growth of D ﬁlled bubbles or voids. At the
same time, diffusion of D deeper into the material leads to D
trapping at intrinsic lattice defects, such as vacancies, dislocations
and grain boundaries. Dislocation loops and grain boundaries canW) and single crystal (SCW) samples taken before the plasma exposure.
Fig. 2. SEM images of small and large grain W samples (SGW and LGW) after exposure to high ﬂux (1024 Dþm2s1) D plasma at 1170 K.
Fig. 3. SEM images taken on the RECW sample after the cross-sectional cutting of one of the blisters with the focused ion beam (FIB). Low ﬂux exposure at 520 K.
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the surface [12,25]. In addition, kinks and jogs on dislocation lines
and irregularity of grain boundaries can serve as nucleation sites for
D accumulation and growth of bubbles, e.g. by means of dislocation
loop punching mechanism [26,27].
In order to eliminate the inﬂuence of grain boundaries on D
retention and surface modiﬁcations, single crystal samples were
exposed under identical plasma conditions. SEM images of single
crystal W samples revealed blister formation after plasma expo-
sures under all investigated conditions. The areal density, height
and lateral size of blisters increased with increasing particle ﬂux. At
low particle ﬂuxes and a temperature of 520 K, dome-shaped and
ﬂat topped blisters of 0.1e1 mm in diameter were formed (Fig. 4 a).
At 680 K, only sparse dome-shaped blisters with diameter <1 mm
were found (Fig. 4 b) while only ﬂat top blisters (lateral size
0.5e1 mm) were found at 910 K (Fig. 4 c). Exposure of single crystals
to high particle ﬂuxes at 570 K caused the formation of blisters with
rather ﬂat top surfaces and lateral sizes in the range of 0.1e1 mm
(Fig. 4 a1). At 670 K, blisters appeared at a lower density and still ﬂat
top shaped (Fig. 4 b1). At 870 K smaller blisters (0.5 mm) of similar
shape were formed with a higher density (Fig. 4 c1). Except for two
cases at low ﬂux exposure (520 K and 680 K), all other exposures
caused blisters to crack open, typically at the rim of the blister.
SEM images taken on the cross sectional FIB cut of SCW (low ﬂux
- 910 K and high ﬂux - 670 K) showed the presence of openings and
cavities under the surface. Cavities were detected in the ﬁrst fewnm below the surface (Fig. 4 a1). Voids with a lenticular shape of
about 50e100 nm thickness and oriented either perpendicular to
the sample surface (generally up to 1 mm deep) or at a certain angle
varying from 16 to 50 were found at a typical depth of 200 nm.
Earlier studies have proposed that the orientation of these
elongated cavities is related to the gliding of parts of the crystal
lattice in the low-index slip system {110} <111> (gliding within the
(110) plane in the [111] direction) [9,28]. Three slip systems are
known to be active in bcc lattices: {110}<111>, {112}<111> and
{123}<111>. The <111> direction is most closely spaced and is
therefore common to all active slip systems in bcc lattices [29,30].
Crystal orientation with respect to the applied stress and ma-
terial temperature has a direct impact on slip mechanisms in bcc
lattices. High D concentration and temperature gradients during
plasma irradiation exert thermo-mechanical stresses on the ma-
terial and cause dislocations to move through the lattice in the
direction that is energetically most favorable. In the case of the
[111] gliding direction, the plane (110) would form the angles 54.7
and 35.3 with plane (111) (see Table 1).
As speciﬁed earlier, the (110) plane for the studied single crystal
samples is parallel to the exposed surface. For the (221) gliding
plane, the possible angles with the surface, as also shown in Fig. 4
(b1, c), would be close to 15.8 and 19.5. Comparing the measured
inclination of cavities observed in SCW samples after exposurewith
possible slip angles summarized in Table 1, one can estimate the
slip system that had been activated under different exposure
Fig. 4. SEM images taken on the SCW samples after exposure to D plasma at low ﬂux (1022 Dþm2s1) in PSI-2 (a)e(c) and at high ﬂux (1024 Dþm2s1) in Pilot-PSI (a1)-(c1) at a
ﬂuence of 1026 Dþm2 and incident ion energy of 40 eV for different temperatures and D ﬂuence. Solid and dashed closed lines indicate different blister shapes.
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ﬂux - 520 K) and (high ﬂux - 570 K), form angles of 35 and 50 with
the surface. This may be related to the gliding in the (110) plane in
the [111] direction. At high ﬂux and higher temperatures, (high ﬂux
- 670 K and 870 K), the angles formed are 20 and 22, which can be
related to two of the known slip systems in W, namely (112)[111]
and (123)[111]. At the highest temperatures, (low ﬂux - 910 K),
cavities form typical angles of 16, which correspond to gliding
along the [111] direction in the (221) plane. To generalize, these
results suggest that at temperatures lower than 670 K, dislocations
move along the {110}<111> gliding system, while at higher expo-
sure temperatures, the {112}<111>, {123}<111> and {221}<111>
systems are more favorable.
D depth proﬁles were measured on the SGW samples with NRA
(Fig. 5 a and b) and SIMS (Fig. 5 c and d). From SIMSmeasurements,
a steep decay of the D concentration in the ﬁrst 200e300 nm near
the surface is observed for the high ﬂux exposures (high ﬂux - 870 K
and 1170 K) as opposed to the low ﬂux exposures (low ﬂux - 870 KTable 1
Angles between planes of various slip systems in a bcc lattice.
Angle between
given planes
Angle between
plane and 111
direction
Experimental conditions where the
angle was observed
(110)(111) 35.3 (110)[111] 54.7 low ﬂux - 520 K high ﬂux - 570 K
(112)(111) 19.5 (112)[111] 70.5 high ﬂux - 670 K
(123)(111) 22.2 (123)[111] 67.8 high ﬂux - 870 K
(221)(111) 15.8 (221)[111] 74.2 low ﬂux - 910 Kand 1070 K) where the D proﬁle was much ﬂatter. This is conﬁrmed
also by NRA measurements where a ﬂat proﬁle of D is observed in
the case of the low ﬂux exposures. For both, the high and low ﬂux
exposures, D concentration dropped from 102 to 103 at.fr within
the ﬁrst 0.5 mm. However, while for the samples (low ﬂux - 510 K
and 670 K) D concentration remained at a level of 103 at.fr at
depths>1 mm, for samples (high ﬂux - 510 K and 670 K) it decreased
further down to 104 at.fr at depths >3 mm. The D depth proﬁle for
sample (high ﬂux - 870 K) remained rather ﬂat indicating the role of
deeper D diffusion at high temperature. Positron annihilation
spectroscopy measurements on W samples exposed to high ﬂux
plasma in Pilot-PSI [8] provide an evidence for the creation of
additional defects in the near surface zone under high ﬂux expo-
sure. Such plasma-induced defects may increase the amount of D
trapped near the surface, in agreement with the SIMS measure-
ments [31].
From NRA measurements on the recrystallized W samples
(Fig. 6 a), it can be inferred that D is distributed in three main re-
gions: (i) in the ﬁrst 0.5 mm, there is a drop from the surface content
to 3$104 at.fr and 6$105 at.fr for the cases (low ﬂux - 520 K) and
(high ﬂux - 520 K and 670 K), respectively; (ii) at depths of
0.5e4 mm the D concentration increases again and varies in the
range of 6$105e3$103 at.fr; (iii) at depths >4 mm the D concen-
tration decreases and remains almost ﬂat down to the maximal
probing depth of about 10 mm. Similar proﬁles have been identiﬁed
in earlier publications [32]. D concentration in the second region
(0.5e4 mm) was higher in the sample exposed to the low ﬂux and
low temperature (low ﬂux - 520 K) as compared to the high ﬂux
cases. In this case (low ﬂux - 520 K), there was a 25 times larger D
Fig. 5. D depth distribution proﬁles in SGW samples measured with nuclear reaction
analysis (a, b) and secondary ion mass spectroscopy (c, d). SIMS measurements provide
qualitative data in the ﬁrst 500e600 nm with a higher resolution than NRA.
Fig. 7. TDS results on total D retention in the four investigated W microstructures as a
function of the surface temperature after exposure to a ﬂuence of 1026 Dþm2. The
blue and red curves represent the exposures to low and high ﬂux densities respectively
(1022 Dþm2s1 and 1024 Dþm2s1). (For interpretation of the references to colour in
L. Buzi et al. / Journal of Nuclear Materials 495 (2017) 211e219 215content in the ﬁrst 2 mm compared to (high ﬂux - 520 K) probably
due to the accumulation in the cracks, which were formed along
the grain boundaries.
D depth proﬁles measured with NRA in SCW samples are also
shown in Fig. 6. D content can be divided intuitively in three re-
gions, following Alimov et al. [32] who observed similar distribu-
tions after exposure of single crystal and polycrystalline samples to
D ions with 200 eV energy: (i) up to 0.5 mm; (ii) 0.5e2 mm; (iii) the
bulk (>2 mm). The ﬁrst 0.5 mm of the samples show a rather high
concentration of D reaching 102 at.fr. This is possibly related to the
presence of small blisters and cavities below the surface. Deeper
cavities typically oriented perpendicular to the surface could be
responsible for the second region, which extends to about
1.5e2 mm and has factor 10 to 100 lower D concentration. The
concentration of retained D at depths over 2 mm is relatively low
compared to other investigated microstructures, amounting to
3$106e3$105 at.fr.
Flat D depth proﬁles up to larger depths measured in RECW and
SGW samples indicate deeper D diffusion. It may be assumed that DFig. 6. D depth distribution proﬁles in RECW (a) and SCWdiffused deeper in RECW compared to SCW due to lower amount of
intrinsic defects and presence of grain boundaries enhancing
diffusion. The presence of intrinsic defects causes D retention in the
near surface region and in case of SCW, D is found only in the near
surface region since its deeper diffusion is hampered by the lack of
grain boundaries.
Total D retention measured by means of thermal desorption
spectroscopy (TDS) is plotted in Fig. 7 as a function of exposure
temperature. For temperatures below 650 K, the D retention after
the low ﬂux exposures was one to two orders of magnitude higher
than after the high ﬂux exposures. The opposite was observed for
temperatures above 850 K where higher retention was observed
after the high ﬂux exposures. The main effect of the particle ﬂux
density is to shift the temperature at which the retention is
maximal towards higher temperatures (from 650 K to 850 K, Fig. 7).
This shift of the maximal retention at high ﬂux to higher temper-
atures implies that the amount of D retained at temperatures above
800 K was higher at high ﬂux compared to low ﬂux. The maximum
D retention at high ﬂux was about one order of magnitude lower
than the maximal retention at low ﬂux.3.1. Modeling results
In order to estimate the trapping energies of D retained in W,(b) samples as measured with the NRA technique.
this ﬁgure legend, the reader is referred to the web version of this article.)
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equations approach implemented in the Coupled Reaction Diffu-
sion Systems (CRDS) code [13], speciﬁcally modiﬁed to describe
hydrogen in W. In most cases, only the TDS phase was simulated
(no implantation) and the initial depth distributions of trapped D
were provided from the NRA measurements. In order to ﬁt the TDS
peak maximum and account for retention deeper in the bulk, the
NRA depth proﬁles had to be scaled (multiplied by a factor g in the
range 0.1e5) and extrapolated to larger depths (assuming a con-
stant density of retained D up to a certain depth below the NRA
probing depth of 13 mm, and presence of empty traps deeper in the
bulk). The extrapolation was needed to better reproduce the high
temperature tail of TDS peaks for samples exposed at high tem-
peratures, as well as for samples exposed to low ﬂuxes. In partic-
ular, low density of occupied intrinsic traps of about 5  106 at.fr.
up tomm scalewas used in the recrystallizedW cases. This is in line
with the assumption of deeper D diffusion at high temperatures
and longer exposure times (see Table 2).
Several additional assumptions had to be made in order to
reasonably reproduce the measured TDS peaks. First, D re-trapping
at defects during the release had to be switched off in order to
reproduce the narrow experimental peak widths, meaning that
defects are not available for D re-trapping, e.g. get annealed (from
experiments it is known that defect annealing starts at 573 K
[33,34]. Second, since all the measured TDS spectra show only high
temperature desorption peaks that cannot be attributed to reten-
tion at dislocations or vacancies, it is reasonable to assume reten-
tion at inner surfaces of voids with de-trapping energies of about
2e2.3 eV as reported in the literature [35]. Therefore, instead of
varying the de-trapping energy in a wider range, the de-trapping
frequencies, i.e. the pre-exponential factors of the Arrhenius type
equation for de-trapping, had to be adjusted to values about
120e500 times smaller than the typical Debye frequency nD ¼ 1013
s1. Keeping the pre-exponential factors 1013 s1 would have
increased the de-trapping energy by few tenths of an eV. A constant
linear temperature ramp of 0.2 K/s was used for the recrystallized
and single crystal samples, while the real measured temperature
ramp had to be implemented in the code for the simulation of the
SGW samples, since its linearity was not well maintained during
the measurements. Surface recombination for D release was not
taken into account since it is not considered as rate limiting. A
summary of the results and parameters used in the simulations is
given in Table 2. With such a setup, the TDS peaks could be
reasonably well reproduced assuming either one or two traps with
energies of 1.9e2.2 eV.Table 2
Parameters used in CRDS simulations (HF-high ﬂux, LF-low ﬂux, d-trap density, c-depth
Sample name Exp. T (K) TDS Tpeak (K) Etrap1 (eV) yde-trap
RECW1
HF
520 886
RECW2
HF
670 865
RECW3
HF
870 905
RECWJ1
LF
520 887
SCW1
HF
570 775, 822 1.9 y/120
SCW2
HF
670 710, 815 1.9 y/120
SCW3
HF
870 780, 810 1.9 y/200
SGW1
HF
510 852, 930 2.0 y/200The experimental and simulated TDS proﬁles are plotted in
Fig. 8. The de-trapping energies in all the samples can be attributed
to bubbles or voids of different sizes that are formed at different
nucleation sites (hence different energies and pre-factors). In the
simulations, it was enough to assume trap proﬁles up to 10 mmdeep
in the case of single crystal W, while especially for recrystallizedW,
D trapping up to mm scale had to be assumed. It was shown that
higher exposure temperatures and longer exposure times lead to
deeper D diffusion and trapping in the material in both RECW and
SGW samples, which can be attributed to lower intrinsic defect
density in RECWand grain boundaries assisted diffusion in SGW. In
particular, the trapping depth needed to reproduce the TDS spectra
of RECW1 (short exposure) and RECWJ1 (long exposure) samples in
the modeling scaled, as expected, with the square root of the
exposure time.
No evidence of lower trapping energies (lower temperature
desorption peaks) could be seen from the measured TDS spectra,
thus suggesting that either the low energy trap sites get depopu-
lated during exposure due to high exposure temperatures or that D
trapped at such trap sites gets ﬁrst re-trapped in high energy traps
before being released at higher temperatures. From the physical
point of view, such a combination of facts can be explained in the
frame of void formation at nucleation sites on dislocation loops and
grain boundaries [26]. D is then trapped on inner surfaces of such
voids, which can be formed by loop punching or vacancy clustering.
The energy barrier for D to move from the inner surface of a void
into the material bulk should be then comparable with the similar
barrier on a ﬂat surface, which is estimated to be about 2 eV [36].
The frequency factor for de-trapping cannot be directly related to
the Debye frequency of the lattice and can be expected to depend
on the size of the void and the amount of D there [27]. If disloca-
tions provide also low energy trap sites, then D released from them
at lower temperatures would diffuse fast along dislocation lines
and will be re-trapped at voids. D released from the void directly
into the bulk can then diffuse to the surface almost without re-
trapping, due to a relatively sparse distribution of voids.4. Conclusions
The inﬂuence of D particle ﬂux (1022 and 1024 Dþm2s1) and
exposure surface temperature (530e1170 K) on surface modiﬁca-
tions and D retention was investigated on as-received poly-
crystalline, recrystallized and single crystal W samples. Increasing
the particle ﬂux by two orders of magnitude caused blister for-
mation at temperatures above 700 K on as-received polycrystallineat which the trap density or NRA proﬁles were extrapolated to).
g
(c)
Etrap2 (eV) yde-trap g
þ d (c)
2.2 y/200 0.35
þ5e-6 (8.5 mm< c<40 mm)
2.2 y/200 1.5
þ5e-6 (8.5 mm< c<1 mm)
2.2 y/200 2.0
þ5e-6 (8.5 mm< c<1 mm)
2.2 y/200 1.0
þ5e-6 (8.5 mm< c<0.5 mm)
0.07
(10 mm)
2.0 y/250 0.09
(10 mm)
0.4
(10 mm)
2.0 y/500 5.0
(10 mm)
0.01
(10 mm)
2.0 y/200 0.33
(10 mm)
0.35
(8 mm)
2.2 y/200 0.2
(8 mm)
Fig. 8. CRDS simulations of TDS spectra for SCW, RECW and SGW samples in comparison to measurements.
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L. Buzi et al. / Journal of Nuclear Materials 495 (2017) 211e219218and single crystal W samples, for which blistering is usually absent
under low ﬂux exposure conditions. On the recrystallized samples
however, blisters were absent even at high temperatures, possibly
due to the low amount of intrinsic defects and the presence of grain
boundaries, which serve as escape routes and enhance D diffusion
to larger depths.
In terms of total D retention, increasing the particle ﬂux by two
orders of magnitude, shifted the temperature at which the reten-
tion is maximal towards higher values (from 650 K to 850 K). For
temperatures below 650 K, the D retention after the low ﬂux ex-
posures was one to two orders of magnitude higher compared to
high ﬂux exposures. The opposite was observed for temperatures
around 850 K where a higher retentionwas observed after the high
ﬂux exposures.
At high particle ﬂux, larger concentration gradients of D can be
expected in the near surface region, leading potentially to stronger
material damage and/or faster growth of D ﬁlled bubbles or voids.
At the same time, diffusion of D deep into the material allows for D
trapping at intrinsic lattice defects, such as vacancies, dislocations
and grain boundaries in case of polycrystalline samples. For typical
grain sizes of about several mm to several tens of mm, short exposure
times do not allow for efﬁcient D diffusion to grain boundaries, so it
is then presumably trapped at intra-granular defects. Based on this
study, D plasma operations in ITER may cause morphology changes
on W surfaces and D retention if the relevant temperature and
particle ﬂuxes will meet the experimentally tested values.
Simulations of the measured TDS spectra were performed using
the rate equations approach implemented in the diffusion-trapping
code CRDS. The TDS peaks could be reproduced assuming trapping
energies in the range of 1.9e2.2 eV and adjusting de-trapping fre-
quencies to values 100e500 times smaller than the typical Debye
frequency of 1013 s1. Physically, these binding energies may be
explained in the frame of void formation at nucleation sites on
dislocation loops and grain boundaries. D is trapped on the inner
surfaces of such voids and the energy barrier to move from the
inner surface of the void into the material bulk is comparable with
that for D atoms on a free W surface, which is theoretically esti-
mated in the literature to be about 2 eV.
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